We report a previously unknown body-centered-tetragonal structure for ZnO. This structure results from a phase transformation from wurtzite in ͓0001͔-oriented nanorods during uniaxial tensile loading and is the most stable phase for ZnO when stress is above 7 GPa. The stress-induced phase transformation has important implications for the electronic, piezoelectric, mechanical, and thermal responses of ZnO. The discovery of this polymorph brings about a more complete understanding of the extent and nature of polymorphism in ZnO. A crystalline structure-load triaxiality map is developed to summarize the relationship between structure and loading. DOI: 10.1103/PhysRevB.76.172103 PACS number͑s͒: 61.50.Ks, 61.46.Ϫw, 62.25.ϩg, 64.70.Nd Natural selection of the lowest energy state determines the bonding state and atomic arrangement of a material under ambient conditions. Deviations from this natural state occur when external stimuli such as mechanical loading and temperature changes are provided, leading to failure through bond breaking or polymorphism due to atomic rearrangement. At the macroscopic scale, failure is dominant since atomic mobility is relatively low and defects are more prevalent. At the nanoscale, however, high surface-to-volume ratios and nearly defect-free structures lead to higher atomic motilities and more pronounced polymorphic transitions. Consequently, polymorphs previously unknown for bulk materials can be revealed. Recently, a fivefold coordinated hexagonal phase ͑referred to as HX͒ of ZnO was observed in ͓0110͔-oriented ZnO nanowires under uniaxial tensile loading.
Natural selection of the lowest energy state determines the bonding state and atomic arrangement of a material under ambient conditions. Deviations from this natural state occur when external stimuli such as mechanical loading and temperature changes are provided, leading to failure through bond breaking or polymorphism due to atomic rearrangement. At the macroscopic scale, failure is dominant since atomic mobility is relatively low and defects are more prevalent. At the nanoscale, however, high surface-to-volume ratios and nearly defect-free structures lead to higher atomic motilities and more pronounced polymorphic transitions. Consequently, polymorphs previously unknown for bulk materials can be revealed. Recently, a fivefold coordinated hexagonal phase ͑referred to as HX͒ of ZnO was observed in ͓0110͔-oriented ZnO nanowires under uniaxial tensile loading. 1, 2 This discovery has subsequently been confirmed in ͓0001͔-oriented ZnO nanoplates 3 and nanowires. 4 Here, we report yet another polymorph of ZnO with a bodycentered-tetragonal structure with four-atom rings ͑referred to as BCT-4, space group P4 2 / mnm͒, which occurs under uniaxial tensile loading along the ͓0001͔ crystalline axis of the wurtzite structure. While similar structures have been reported for carbon 5 and lithium aluminum oxide, 6, 7 this polymorph has been reported here for a binary system. The results here show that the extent of polymorphism in ZnO ͑and perhaps in other groups IV, III-V, and II-VI materials such as GaN and CdSe͒ is much more pronounced than previously known. With the discovery of these phases, a more complete picture has emerged for the polymorphism of ZnO under the influence of mechanical loading with all realistic triaxialities. The recent fabrication and applications of defect-free, single-crystalline nanowires, nanobelts, and nanorings of materials such as ZnO, GaN, and CdSe highlights the need for understanding the extent of polymorphism. Characterization of the thermomechanical and electrical responses of the relevant phases is crucial since the performance and functionalities of these slender quasi-onedimensional materials as components in ultrasensitive chemical and biological sensors, nanoresonators, field effect transistors, and nanogenerators [8] [9] [10] [11] are either significantly affected by or utilize the phase transitions. [12] [13] [14] Our analyses include both molecular dynamics ͑MD͒ simulations and density functional theory ͑DFT͒ based first principles calculations. The MD simulations are performed to study the phase transformation and the associated mechanical response of ZnO nanorods with the ͓0001͔ growth direction under loading and subsequent unloading. The first principles calculations are carried out to determine the energetic favorability and the electronic band structures of the parent and transformed phases. The impact of this phase transformation on the thermal, mechanical, and electric responses of the nanorods is also evaluated.
The as-synthesized hexagonal ZnO nanorods have a wurtzite structure with a sixfold symmetry around the ͓0001͔ axis and six ͕0110͖ lateral crystalline surfaces, 15, 16 as illustrated in Fig. 1͑a͒ 13, 17, 18 The analysis concerns quasistatic deformation at 300 K. Figure 1͑b͒ shows the stress-strain response of a nanorod with lateral dimension d = 32.5 Å. Four distinct stages are observed. The first stage ͑A → B͒ corresponds to the elastic stretching of the wurtzite ͑WZ͒ structure up to a strain of 7.5%. Further deformation results in a precipitous stress drop ͑B → C͒ associated with the WZ to BCT-4 phase transformation. The transformation completes at a strain of 8.5%. Continued loading causes elastic stretching of the BCT-4 structure ͑C → D͒ and culminates in the eventual failure at a strain of 16.9% ͑point E͒. To analyze the stability of the parent and transformed structures, unloading is performed from states prior to transformation initiation ͑first peak tensile stress, point B͒ and failure initiation of the nanorod ͑second peak tensile stress, point D͒. The unloading path from B coincides with the loading path, confirming that the deformation from A to B is indeed the elastic response of the WZ-structured nanorod. Unloading from D also results in the elastic recovery of the BCT-4 structure, and continued unloading beyond the transformation completion strain ͑point C͒ does not result in a reverse transformation. Instead, the nanorod retains the BCT-4 structure when the stress is reduced to zero ͓F in Fig. 1͑b͔͒ .
The WZ to BCT-4 transformation occurs through a combination of ͑1͒ the breaking of every other Zn-O bond along the ͓0001͔ direction ͓bond A in Fig. 2͑a͔͒ and ͑2͒ the formation of an equal number of Zn-O bonds along the same direction ͓bond B in Table I along with unit cell volumes. For WZ, the ratios c / a and b / a are 1.60 and 1.73, respectively. Throughout the transformation, the b / a ratio remains at its initial value of 1.73 ͑±0.02͒, reflecting the symmetries of the loading and the lattice. On the other hand, upon transformation to BCT-4 at a stress above 7 GPa, the c / a ratio increases to 1.8. Phenomenologically, the predilection for the BCT-4 phase over the WZ phase under the tensile loading conditions considered here can be explicated by its elongated configuration in the ͓0001͔ direction ͑higher c / a ratio͒ relative to that of the WZ structure. Upon unloading, the residual strain at F in Fig. 1͑b͒ is 6 .8% according to both MD and DFT. It reflects the dimensional difference between the unstressed WZ and BCT-4 structures in the ͓0001͔ direction. This unstressed BCT-4 structure corresponds to the "ideal" BCT-4 structure predicted by the DFT calculations with b / a = c / a = 1.73 in Fig. 3͑a͒ .
The relative favorability of the two phases is studied by calculating the enthalpy ͑per four Zn-O pairs͒ using DFT calculations. 2, 19 The complete enthalpy surfaces ͑not shown α α α α α α α α FIG. 2. ͑Color online͒ ͑a͒ Wurtzite ͑WZ͒ and body-centeredtetragonal with four-atom rings ͑BCT-4͒ structures and ͑b͒ crystallographic transition through breaking and formation of bonds and differences in bond angles between the WZ and the BCT-4 structures. due to space limitation͒ show that the BCT-4 structure has minimum enthalpy at b / a = 1.73 for all values of tensile stress considered. For clarity without loss of generality, the discussions here use Fig. 3 which shows the enthalpy values ͑eV per four Zn-O pairs͒ for both structures for b / a = 1.73 at = 0, 4, 7, and 10 GPa. At any stress level, each structure has its own enthalpy minimum. The first minimum is in the vicinity of c / a Ϸ 1.6 which corresponds to WZ with lattice parameters slightly different from those at zero stress, and the second minimum is in the vicinity of c / a Ϸ 1.7-1.9, which corresponds to BCT-4. At zero stress, WZ is the stable crystal structure and its enthalpy is lower than that of BCT-4 by 0.3 eV ͓Fig. 3͑a͔͒. As the stress is increased to 4 GPa ͓Fig. 3͑b͔͒, the difference in enthalpies decreases, and at a stress of 7 GPa ͓Fig. 3͑c͔͒, the two minima become comparable indicating that WZ and BCT-4 are equally favored. This value of stress corresponds to the equilibrium transition stress for the two phases. Since an energy barrier ͑associated with intermediate transitional states͒ exists for the transformation, a stress level higher than the 7 GPa equilibrium stress is required to initiate the transformation. At a stress of 10 GPa ͓Fig. 3͑d͔͒, the enthalpy of BCT-4 is lower, and this structure is clearly favored. Further increases in stress result in the eventual initiation of the phase transformation. The specific stress level at which the transformation initiates depends on the rod size and temperature. For the particular nanorod in Fig. 1 at 300 K, the critical stress level is = 17.9 GPa. The gradual evolution of the local enthalpy minimum for the BCT-4 at = 0 into a global minimum as stress increases confirms that the phase transformation observed in MD simulations is indeed energetically favored.
The phase transformation observed here alters the electrical, thermal, and mechanical responses of the nanorods. Recently, WZ-structured ZnO nanorods have been used to successfully generate direct electric current through mechanical bending. 20 The transformation from the piezoelectric WZ structure to the nonpiezoelectric BCT-4 structure establishes an upper bound for the maximum possible current generation and operational strain for this application. Specifically, the electric field output E 3 can be related to the longitudinal strain 3 through E 3 = 3 / d 33 , where d 33 Ϸ 20.5 pm/ V is the piezoelectric coefficient for the ZnO nanorods. Since the strain at the initiation of transformation ͓B in Fig. 1͑b͔͒ is approximately 7.5% for all rod sizes, the maximum electric field output is therefore 3.7 V / nm. The mechanical response of BCT-4 also differs significantly from that of WZ. In particular, the enthalpy curves for BCT-4 are flatter than those for WZ ͑Fig. 3͒, indicating that the elastic stiffness of BCT-4 is lower than that for WZ. Indeed, in Fig. 1͑b͒ , the slope of curve AB ͑228 GPa, which is the ͓0001͔ elastic modulus of WZ͒ is higher than that of curve FD ͑167 GPa, which is the corresponding modulus of BCT-4͒. The thermal response of semiconductors such as ZnO is dominated by phonons and the interactions between phonons and surfaces. 21 The WZ to BCT-4 phase transformation changes the atomic arrangement and hence the phonon spectrum, resulting in potentially large changes in thermal conductivity. The electronic band structures of WZ and BCT-4 are shown in Fig. 4 . Note that the total number of bands for BCT-4 is twice that for WZ because the unit cell of BCT-4 has twice as many atoms as WZ. Both phases have direct band gaps at ⌫. Although DFT calculations with local density approximations are known to underestimate band gaps and therefore are not normally used to predict absolute band gap values, they can provide valid 3 1.3 1.3 1.3 1.4 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.6 1.6 1.6 1.6 1.7 1.7 1.7 1.7 1.8 1.8 1.8 1.8 1.9 1.9 1 relative comparisons between the two phases. The calculated band gap and average electron effective mass of BCT-4 are, respectively, 12% and 17% smaller than those of WZ, giving the nanorod a smaller band gap and potentially higher electron mobility after the WZ-to-BCT-4 transformation. These mechanically induced electrical property shifts may have applications in devices that depend on coupling between responses.
Most importantly, the identification of the BCT-4 structure leads to a more complete understanding of the nature and extent of polymorphism in ZnO and its dependence on load triaxiality. Joining wurtzite ͑WZ͒, zinc blende ͑ZB͒, rocksalt ͑RS͒, and HX, BCT-4 constitutes the fifth polymorph of ZnO discovered so far. It is now possible to construct a structureload triaxiality map for ZnO, as shown in Fig. 5 . Among the previously well known phases, WZ is the most stable and naturally occurring phase and RS is observed under hydrostatic compressive conditions. Both BCT-4 and HX are stabilized under uniaxial loading, with HX occurring under tension along the ͓0110͔ and/or ͓2110͔ directions as well as compression along the ͓0001͔ direction and BCT-4 occurring under tension along the ͓0001͔ direction. It is worthwhile to note that ZB grows epitaxially on specific surfaces of cubic crystals and cannot be obtained via a transformation from WZ under external loading; therefore, it is not included in this map.
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*Author to whom correspondence should be addressed; FAX: 404- . ͑Color online͒ Crystalline structure-load triaxiality map summarizing the nature and much wider extent of polymorphism in ZnO than previously known; WZ is the natural state at ambient conditions, RS occurs under hydrostatic or near hydrostatic compression, HX occurs under tension along the ͓2110͔ and ͓0110͔ directions as well as compression along the ͓0001͔ direction, and BCT-4 occurs under tension along the ͓0001͔ direction. The green and red arrows indicate, respectively, possible and impossible transformation paths under relevant load direction reversals. ZB can only be grown epitaxially on certain crystalline planes of cubic crystals and cannot be obtained via a transformation from WZ under external loading; therefore, it is not included in this map.
